All homeotherms use thermogenesis to maintain their core body temperature, ensuring that cellular functions and physiological processes can continue in cold environments [1] [2] [3] . In the prevailing model of thermogenesis, when the hypothalamus senses cold temperatures it triggers sympathetic discharge, resulting in the release of noradrenaline in brown adipose tissue and white adipose tissue 4, 5 . Acting via the b 3 -adrenergic receptors, noradrenaline induces lipolysis in white adipocytes 6 , whereas it stimulates the expression of thermogenic genes, such as PPAR-c coactivator 1a (Ppargc1a), uncoupling protein 1 (Ucp1) and acyl-CoA synthetase long-chain family member 1 (Acsl1), in brown adipocytes [7] [8] [9] . However, the precise nature of all the cell types involved in this efferent loop is not well established. Here we report in mice an unexpected requirement for the interleukin-4 (IL-4)-stimulated program of alternative macrophage activation in adaptive thermogenesis. Exposure to cold temperature rapidly promoted alternative activation of adipose tissue macrophages, which secrete catecholamines to induce thermogenic gene expression in brown adipose tissue and lipolysis in white adipose tissue. Absence of alternatively activated macrophages impaired metabolic adaptations to cold, whereas administration of IL-4 increased thermogenic gene expression, fatty acid mobilization and energy expenditure, all in a macrophagedependent manner. Thus, we have discovered a role for alternatively activated macrophages in the orchestration of an important mammalian stress response, the response to cold.
Mice housed at the thermoneutral temperature of 30 uC do not require adaptive thermogenesis, whereas those housed in colder environments depend on brown adipose tissue (BAT) thermogenesis to maintain their body temperature 10 . Thus, to understand the relationship between temperature and macrophage activation, we profiled the status of BAT and white adipose tissue (WAT) macrophages in mice chronically housed at 30 uC (thermoneutrality), 22 uC (normal 1 Immunology Program, Stanford University, Palo Alto, California 94305, USA. 2 housing temperature), or after an acute challenge to 4 uC. Gene expression profiling revealed a progressive increase in the expression of alternative activation messenger RNAs 11, 12 , including Arg1, Mrc1 and Clec10a, in BAT and WAT of mice exposed to colder temperatures ( Fig. 1a, b ). In contrast, expression of classical activation markers was unchanged by cold exposure (Fig. 1a, b ). This correlation between alternative macrophage activation and exposure to colder environments was further verified using flow cytometry. In wild-type mice, exposure to progressively lower temperatures increased expression of CD206 (encoded by Mrc1), CD301 (Clec10a) and arginase 1 (Arg1) proteins in BAT and WAT macrophages ( Fig. 1c -e and Supplementary Fig. 1a-f ). Notably, disruption of IL-4/IL-13 signalling, as in Il4/Il13 2/2 and Stat6 2/2 mice 13 , completely abrogated the cold-induced increase in alternative activation of BAT and WAT macrophages, as assessed by expression of CD206, CD301 and Arg1 ( Fig. 1c -e and Supplementary Fig. 1a-f ). This was a specific defect in cold-induced alternative activation because loss of IL-4/IL-13 signalling did not introduce a classical activation bias in BAT and WAT macrophages ( Supplementary Fig. 2a-d ). Finally, acute exposure of mice to 4 uC failed to induce alternative macrophage activation in other tissues, including skeletal muscle and liver ( Fig. 1f ), indicating that BAT and WAT alternative activation is an adaptive response for acclimation to cold. To investigate the importance of alternative macrophage activation in cold-induced thermogenesis, we challenged mice lacking alternatively activated macrophages to cold temperatures. Unlike wild-type Expression of all genes is normalized to their relative expression at 30 uC in wild-type mice. d, Expression of alternatively activated mRNAs in BAT of Il4ra LoxP/LoxP and Il4ra LoxP/LoxP Lysm Cre mice housed at various temperatures (n 5 5 per genotype and temperature). e, Core body temperature of Il4ra LoxP/LoxP and Il4ra LoxP/LoxP Lysm Cre mice during exposure to 4 uC (n 5 5-6 per genotype and temperature). f, BAT of Il4ra LoxP/LoxP and Il4ra LoxP/LoxP Lysm Cre mice was analysed by real-time PCR for expression of thermogenic and b-oxidation genes (n 5 5 per genotype and temperature). Expression of all genes is normalized to their relative expression at 30 uC in Il4ra LoxP/LoxP mice. g, Serum free fatty acid (FFA) levels in wild-type, Il4 2/2 / Il13 2/2 and Stat6 2/2 mice housed at 30 uC, 22 uC and 4 uC (n 5 5-8 per genotype). h, Serum FFAs in Il4ra LoxP/LoxP and Il4ra LoxP/LoxP Lysm Cre mice housed at the three temperatures (n 5 5-11 per genotype). i, Representative gross and microscopic (haematoxylin and eosin staining) histology of BAT from wild-type, Il4 2/2 /Il13 2/2 and Stat6 2/2 mice at 22 uC and after exposure to 4 uC for 6 h. j, Representative gross and microscopic (haematoxylin and eosin staining) histology of BAT from Il4ra LoxP/LoxP and Il4ra LoxP/LoxP Lysm Cre mice at 22 uC and after 6 h exposure to 4 uC. k, Immunoblot analysis for serinephosphorylated perilipin, total perilipin, serine-phosphorylated HSL and total HSL in 3T3-L1 adipocytes treated with PIA (N6-phenylisopropyl adenosine), CL-316243 (CL), IL-4 or macrophage conditioned medium (with/without IL-4 and AMPT (a-methyl-p-tyrosine)) for 15 min. l, Glycerol release by 3T3-L1 adipocytes after 6-h treatment with PIA, CL-316243, IL-4 or macrophage conditioned medium (n 5 5-7). *P , 0.05, **P , 0.01, ***P , 0.001 compared to comparison between wild-type or Il4ra LoxP/LoxP mice at 30 uC and those at 22 uC, or at 22 uC and 4 uC. {P , 0.05, {{P , 0.01, {{{P , 0.001 comparison between knockouts and wild-type or Il4ra LoxP/LoxP mice at the same temperature. All data are presented as mean 6 s.e.m.
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mice, Il4 2/2 /Il13 2/2 and Stat6 2/2 mice showed a drop in core body temperature when exposed to temperatures of 4 uC ( Fig. 2a ). In wildtype mice, to counteract the change in environmental temperature, thermogenic genes (Ppargc1a and Ucp1) and the b-oxidation genes (Acox1 and Acsl1) were induced in BAT. This induction of thermogenic genes was blunted in BAT of Il4 2/2 /Il13 2/2 and Stat6 2/2 mice (Fig. 2b, c ). To determine whether the observed defects in coldinduced thermogenesis were a direct consequence of the loss of alternatively activated macrophages, we disrupted IL-4/IL-13 signalling in myeloid cells by breeding conditional Il4ra LoxP/LoxP with Lysm Cre mice 14 . BAT macrophages in Il4ra LoxP/LoxP Lysm Cre mice displayed impairment in alternative activation at 22 uC and 4 uC (Fig. 2d) , which was sufficient to render mutant mice susceptible to cold-induced hypothermia ( Fig. 2e ). Il4ra LoxP/LoxP Lysm Cre mice also showed defects in expression of cold-inducible thermogenic genes, including Ucp1, Acox1, Acsl1 and Ppargc1a (Fig. 2f) . Comparable results were obtained in a second model when macrophages were pharmacologically depleted in BAT using clodronate-containing liposomes ( Supplementary Fig.  3a-e ), which selectively deplete tissue macrophages and circulating monocytes but not neutrophils ( Supplementary Fig. 4a, b) . Moreover, expression of skeletal muscle mitochondrial genes implicated in thermogenesis was unaltered ( Supplementary Fig. 5a ), indicating a primary defect in non-shivering thermogenesis. Serum triglyceride levels and expression of lipogenic genes in liver were similarly unchanged across the genotypes and temperatures (Supplementary Table 1 and Supplementary Fig. 5b ). Finally, defects in cold-induced thermogenesis were also observed in Stat6 2/2 mice on the C57BL/6J background ( Supplementary Fig. 5c, d) .
During cold exposure, b-adrenergic signalling in white adipocytes stimulates the release of free fatty acids to fuel uncoupled respiration in BAT 1, 6 . Because WAT macrophages also undergo alternative activation upon cold challenge (Fig. 1b, e ), we examined whether a defect in alternative macrophage activation was associated with impaired release of free fatty acids. Indeed, compared to wild-type mice, circulating levels of free fatty acids were reduced by ,75% in Il4/Il13 2/2 and Stat6 2/2 mice (Fig. 2g ). Serum free fatty acid levels were similarly reduced by ,65% in Il4ra LoxP/LoxP Lysm Cre mice at 4 uC (Fig. 2h ). Consistent with reduced release of fatty acids, gross and microscopic histology revealed that all mutant mice impaired in alternative macrophage activation had exhausted their lipid stores in BAT (Fig. 2i, j) . Correspondingly, mice deficient in IL-4/IL-13 signalling or alternatively activated macrophages lost less weight during the cold challenge ( Supplementary Table 1 ).
To explore whether factors released by alternatively activated macrophages work in trans to stimulate lipolysis of stored triglycerides, we used differentiated 3T3-L1 cells to study triglyceride lipolysis in vitro. Treatment of adipocytes with conditioned medium from alternatively activated macrophages induced phosphorylation of perilipin and hormone sensitive lipase (HSL), lipases that are phosphorylated by protein kinase A in response to adrenergic signalling (Fig. 2k) 15 . The phosphorylation of perilipin A releases CGI-58, allowing it to interact with Pnpla2 to enhance the lipolysis of stored triglycerides 16, 17 . Indeed, paralleling the increase in perilipin phosphorylation, triglyceride lipolysis, as quantified by glycerol release, was increased by ,4.5-fold in adipocytes treated with conditioned medium from alternatively activated macrophages (Fig. 2l ). No significant increase in phosphorylation of perilipin, HSL, or triglyceride lipolysis was observed when adipocytes were exposed to conditioned medium from Stat6 2/2 macrophages (Fig. 2k, l) . Together, these data indicate that alternatively activated macrophages coordinate the thermogenic response during cold exposure by increasing the thermogenic capacity of BAT and mobilizing fatty acids to fuel uncoupled respiration.
The requirement for alternatively activated macrophages in fatty acid mobilization and thermogenic gene induction prompted us to investigate whether WAT and BAT macrophages might be an important source of catecholamines. In this regard, catecholamine production by classically activated macrophages has previously been shown to promote inflammation-induced injury 18, 19 . Intracellular staining for tyrosine hydroxylase (Th), dopa decarboxylase (Ddc) and dopamine b-hydroxylase (Dbh) revealed that all three catecholamine-synthesizing enzymes were induced in macrophages upon stimulation with IL-4 ( Supplementary Fig. 6a-f ). This induction was a bona fide part of 
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alternative activation because IL-4 failed to induce Th, the rate-limiting step in the synthesis of catecholamines 20 , in macrophages lacking STAT6 ( Fig. 3a and Supplementary Fig. 6g ). Congruent with this, stimulation of macrophages with IL-4, but not lipopolysaccharide (LPS), increased secretion of noradrenaline and adrenaline into the culture medium in a STAT6-dependent manner (Fig. 3b and Supplementary Fig. 7a ). Furthermore, treatment of wild-type macrophages with a-methyltyrosine, a specific inhibitor of tyrosine hydroxylase 18 , inhibited secretion of noradrenaline into the culture medium and abrogated its lipolytic activity on cultured adipocytes ( Fig. 2k and Supplementary Fig. 7b, c) .
Next, we examined catecholamine synthesis by adipose tissue macrophages. At thermoneutrality (30 uC), expression of Th in BAT and WAT macrophages was the lowest (Fig. 3c, e ). Th expression progressively increased as mice were exposed to colder temperatures (Fig. 3c, e ), and was restricted to Ly6C lo-mid CD301 1 alternatively activated BAT and WAT macrophages ( Supplementary Fig. 8a, b) . Consistent with this, loss of IL-4/IL-13 signalling abrogated cold-induced expression of Th in BAT and WAT macrophages (Fig. 3c, e ) and reduced noradrenaline content of these adipose tissues by ,50-60% in Il4 2/2 /Il13 2/2 and Stat6 2/2 mice (Fig. 3d, f and Supplementary Table 2 ). This decrease in BAT and WAT catecholamine content was a direct consequence of loss of alternative activation because similar changes were observed in Il4ra LoxP/LoxP Lysm Cre mice. Specifically, cold exposure failed to induce Th protein in BAT and WAT macrophages ( Supplementary Fig. 9a, c) , resulting in a 70-80% reduction of noradrenaline content in BAT and WAT of Il4ra LoxP/LoxP Lysm Cre mice ( Supplementary Fig. 9b, d ). In contrast, catecholamine content of serum and other tissues was unaffected ( Supplementary Table 3 ). Finally, IL-4 stimulation of primary human monocytes or U937 cells enhanced their alternative activation, catecholamine production and lipolytic activity on adipocytes, suggesting conservation of these pathways across species (Supplementary Fig. 10a-h) .
These data prompted us to investigate whether the b 3 -adrenergic agonist CL-316243 can rescue the thermogenic defect in Il4 2/2 / Il13 2/2 mice 21 . Indeed, a single injection of CL-316243 increased core body temperature and thermogenic gene expression in Il4 2/2 /Il13 2/2 mice ( Supplementary Fig. 11a, b) . The restoration of core body temperature by CL-316243 also normalized weight loss and BAT histology in Il4 2/2 /Il13 2/2 mice housed at 4 uC ( Supplementary Fig. 11c-e 
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treated with CL-316243 ( Supplementary Figs 11f, g and 12a, b ). Hence, alternatively activated macrophages are an unexpected source of noradrenaline that sustains the metabolic adaptation to cold. A hallmark of cold-induced thermogenesis is an increase in uncoupled respiration and energy expenditure by noradrenaline 10 . Because we observed that IL-4 driven alternatively activated macrophages release noradrenaline in BAT and WAT in response to cold, we next examined the metabolic effects of IL-4 in wild-type mice. Injection of IL-4 induced alternative activation and Th expression in BAT and WAT macrophages ( Supplementary Fig. 13a, b) . As expected, the strongest effects of IL-4 were observed at thermoneutrality, when basal alternative activation and Th expression was lowest. However, administration of IL-4 was sufficient to augment alternative activation and Th expression in mice housed at 22 uC and 4 uC ( Supplementary  Fig. 13a, b) . Concomitant with the induction of alternative activation, noradrenaline content and thermogenic gene expression in BAT, as well as fatty acid levels in serum, increased after administration of IL-4 ( Supplementary Fig. 13c-e ). Finally, administration of IL-4 enhanced expression of Th in alternatively activated macrophages taking residence in other tissues, including liver, spleen, lung and bone marrow ( Supplementary Figs 14a-f and 15a, b ), albeit to a much lower degree than Th expression in BAT and WAT macrophages.
We next investigated whether acute administration of IL-4 to adapted animals could enhance oxygen consumption in a macrophage-dependent manner. As shown in Fig. 4a , administration of IL-4 promoted alternative activation of BAT and WAT macrophages in Il4ra LoxP/LoxP mice but not Il4ra LoxP/LoxP Lysm Cre mice. This was accompanied by an increase in expression of Th in BAT and WAT macrophages, resulting in induction of thermogenic genes and release of free fatty acids ( Fig. 4b-d ). Furthermore, quantification of energy expenditure revealed that injection of IL-4 rapidly increased oxygen consumption in Il4ra LoxP/LoxP but not Il4ra LoxP/LoxP Lysm Cre mice (Fig. 4e) . Importantly, consistent with a shift from carbohydrate to fatty acid metabolism, administration of IL-4 decreased the respiratory exchange ratio (RER) in Il4ra LoxP/LoxP mice (Fig. 4f ). These changes in energy expenditure were independent of alterations in locomotor activity ( Supplementary Fig. 15c ). Furthermore, in wild-type mice, the stimulatory effect of IL-4 on energy expenditure showed a marked dependence on macrophages, as IL-4 failed to raise oxygen consumption or decrease RER in mice treated with clodronate-containing liposomes (Fig. 4g, h and Supplementary  Fig. 15d ). These findings provide direct evidence that actions of alternatively activated macrophages in BAT and WAT orchestrate the metabolic programs that constitute adaptive thermogenesis.
The data presented here show that alternatively activated macrophages participate in vivo in the regulation of adaptive and facultative aspects of non-shivering thermogenesis. In a macrophage-dependent manner, the administration of IL-4 raises energy expenditure in a facultative manner, whereas adaptation to lower temperatures is associated with polarization of BAT and WAT macrophages to the alternative state. Moreover, the secretion of noradrenaline by alternatively activated macrophages allows these cells to coordinate the thermogenic response in animals experiencing cold stress. Thus, we propose that, in addition to the sympathetic nerves, cells of the haematopoietic system, such as alternatively activated macrophages, constitute a second, parallel circuit for controlling non-shivering thermogenesis.
METHODS SUMMARY
Male mice, 8-12 weeks old, were used in all experiments. Breeding pairs of wildtype and Stat6 2/2 mice on a BALB/cJ background were purchased from the Jackson Laboratory, and Il4 2/2 /Il13 2/2 , Il4ra LoxP/LoxP and Lysm Cre mice on the BALB/cJ background were obtained from the Locksley or Brombacher laboratories. For cold challenge experiments, mice were fed ad libitum and individually housed in cages that had been pre-chilled at 4 uC (ref. 8) . Core body temperature was monitored hourly by a rectal temperature probe (Physitemp). For the thermoneutrality experiments, mice were adapted to 30 uC in a laboratory incubator (Darwin Chambers) for 2-4 weeks before experimentation. For rescue experiments, the b 3 -adrenergic agonist CL-316243 (Sigma) was injected intraperitoneally at 0.1 mg kg 21 30 min before the cold challenge. Tissues were collected at the end of a 6-h cold challenge, and processed for RNA and protein analyses. To deplete macrophages, mice were injected intraperitoneally with two doses of clodronate-containing or empty liposomes (400 ml and 100 ml at 24 h and 30 min, respectively, before initiation of experiment) 22 . Depletion was confirmed by flow cytometric analysis of monocytes and macrophages in blood, adipose tissues and spleen. Cohorts of $4 mice per genotype or treatment were assembled for all in vivo studies, which were repeated 2-3 independent times. All data are presented as mean 6 s.e.m.
